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Abstract

This work is in support of a pilot program for the Corrosion Policy and Oversight Office within
the Office of the Undersecretary for Acquisition, Technology and Logistics, Corrosion Policy and
Oversight. The research and technological investigations within have several objectives. One is
to support graduate student research and education in the field of corrosion. This objective is
met by the training of graduate students in the Materials Science and Engineering discipline to
conduct the research listed and the subsequent placement of a high portion of them in US DoD,
national laboratory, governments and industry professional positions. A second objective is the
conduct of research studies that will support the implementation of other Corrosion Policy and
Oversight Office projects that have been completed or are in progress. A third objective is to
plan and conduct targeted studies that within about a 2 year period have a significant probability
of delivering “products” to DoD interested end users that could begin along a path to
implementation.

All of the projects were conducted at the University Of Virginia, Department of Materials Science
and Engineering, Center for Electrochemical Science and Engineering and at various exposure
sites around the world on behalf of the U.S. Army Construction Engineering Research
Laboratory over the period from June 23, 2009 — August 31, 2012. All projects focused on the
research thrust areas of great interest to the Corrosion Policy and Oversight Office and
Innovative Corrosion Control needs of CERL (CERL-12). This work was in support of ERDC
efforts in Innovative Corrosion Control. Specifically, this report addresses topics in (a) coatings,
(c) advanced materials, and (e) remote corrosion assessment and management. These include:

Research to Better Define the Needs for Future Accelerated Corrosion Test Method
Development

Development and Causes for Discrepancies Between Field And Laboratory Testing on Bare and
Coated Metals.

Chromate Replacement Coatings and Specialized Coating Applications with other Functions
Innovative Coatings for Corrosion Cracking Resistance

Findings from each project task are discussed in sections 1.2 to 1.10 below. In general, output
included multiple student graduations and placements in US DoD, Academia, and/or industry
technical positions (3 placements from this project co-author list). Each report topic includes an
introduction, lessons learned, technical investigations, experimental results, conclusions,
implementation plans, and in some cases a description of possible economic impacts (enclosed
and detailed below). Public dissemination of information occurred by both the research reports
(enclosed), publication of research papers in the archival literature (6), student posters and oral
presentations as well as placement of soft copies of selected reports on the CORR-Defense
Web site.
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1.1 Front Matter

1.1.1 Forward

All of the projects were conducted at the University of Virginia, Department of Materials Science
and Engineering, Center for Electrochemical Science and Engineering and various exposure
sites under the project period covered by this grant from June 23, 2009 — August 31, 2012. The
project thrust areas selected and the subtasks chosen for investigations were based on
technical discussions and collaborations with the Corrosion Policy and Oversight Office, Dr. Bill
Abbott of Battelle Memorial Labs, Mr. Dick Kenzie and Mr. David Robertson formerly from the
Air Force Corrosion Control Office, Bill Nickerson and Craig Matzdorf of NAVAIR, Rich Hayes,
formerly of Naval Surface Warfare Center NSWC-CD, Vincent Hock, Richard Lampo and
Michael Mclnerney from CERL, the Corrosion Policy and Oversight Office, as well as numerous
others.

The project topic areas lie in four general research thrust areas of great interest to the Corrosion
Policy and Oversight Office. These include:

Research to Better Define the Needs for Future Accelerated Corrosion Test Development
Chromate Replacement Coatings and Specialized Coating Applications with other Functions

Development and Causes for Discrepancies Between Field and Laboratory Testing on Bare and
Coated Metals.

Innovative Coatings for Corrosion Cracking Resistance

These categories were further refined as follows with individual topic projects in each of these
two areas in this report. The two areas are (1) Environmental Severity and Accelerated Testing,
and (2) Managing Corrosion and Cracking Through the Use of Coatings. Findings from each
project task are discussed in sections 1.2-1.10 below.

Projects task reports under Environmental Severity and Accelerated Testing that are reported
here include:

- Factors Controlling the Atmospheric Corrosion of Silver in Natural and Accelerated Test
Environments, (R.G. Kelly, E.B. Neiser and Y. Wan)

- Analysis of Relative Importance of Surface Environment Components and Dynamics,
(R.G. Kelly, B. Risteen, and E.J. Schindelholz)

- Galvanic Interactions Between AA7075-T6 and Noble Materials, (R. G. Kelly, Y. Shi)
Under Atmospheric Environment Effects on Cracking and Structural Integrity:

- Scientific Advances Enabling Next Generation Management of Corrosion Induced
Fatigue (J.T. Burns and R. P. Gangloff)




- Effect of Atmospheric Exposure on Environmental Fatigue Crack Propagation and
Inhibition in Precipitation Hardened Al-Cu-Li  (J. S. Warner, R. P. Gangloff)

Project tasks reported under Managing Corrosion Through the Use of Coatings specifically
Chromate Replacement Coatings and Specialized Coating Applications with other Functions as
well as Innovative Coatings for Corrosion Cracking Resistance include:

Under Evaluation of the Performance of A Magnesium Rich, Non-Chrome Primer and
Discrepancies With Laboratory Data

Blistering Phenomena in Early Generation Mg-Rich Primer Coatings on AA2024-T351
and the Effects of CO, (A.D. King and J.R. Scully)

- Environmental Degradation of a Mg-Rich Primer: Comparison of Selected Field
Environments with Laboratory Exposures, (A.D. King and J.R. Scully)

Under Managing Corrosion Through the Use of Coatings, Chromate Replacement Coatings and
Specialized Coating Applications with other Functions:

- Underpaint Corrosion on Chromate-Free Organic Coated AA2024-T351 as a Function of
Accelerated Testing Variables Compared with Natural Exposures (M.L. Tayler and J.R.
Scully)

Regarding Smart Coating System Synthesis and Coating/Corrosion Attributes for Inhibitor
Release and Inhibition of Corrosion/Cracking, the single report on this topic is:

- Molybdate Inhibition of Corrosion Fatigue Crack Propagation in Precipitation Hardened Al-
Cu-Li (J.S. Warner, and R.P. Gangloff)

1.1.2 Preface

The research and technological investigations within this final report have several objectives.
One is to support graduate student research and education in the field of corrosion. This
objective is met by the training of graduate students in the Materials Science and Engineering
discipline to conduct the research listed and the subsequent placement of a high portion of them
in US DoD, national laboratory, government and industry professional positions. A second
objective is the conduct of research studies that will support the implementation of other
Corrosion Policy and Oversight Office projects that have been completed or are in progress. A
third objective is to plan and conduct targeted studies within about a 2 year period and that have
a significant probability of delivering “products” to DoD interested end users that could begin
along a path to implementation. Findings from each project task are discussed in sections 1.2-

1.10 below. In general, output included multiple student graduations and placements in US
DoD, Academia, and/or industry technical positions (3 placements from this project co-author
list). Each report topic includes an introduction, lessons learned, technical investigations,
experimental results, conclusions, implementation plans, and a description of possible economic
impacts (enclosed and detailed below).
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1.1.4 Introduction and Background

Individual topic project reports are enclosed in each of these two areas. The two areas are (1)
CERL-12 Area: research to define the needs of accelerated test development and (2) CERL-12
Area: Coatings: causes for discrepancies between field and laboratory testing on bare and
coated metals, chromate replacement coatings and specialized coating applications with other
functions and innovative coatings for corrosion cracking resistance.

The first topic in area (1) sought to Understand the Factors Controlling the Atmosphenic
Corrosion of Silver in Natural and Accelerated Test Environments (1.2). The objectives were to
quantify the kinetics of the atmospheric corrosion of silver used as a corrosion sensor in the field
and their dependence on critical parameters and to assess the ability of gas-phase laboratory
exposures to replicate the corrosion products observed under field exposures. Silver has been
used for a number of years as a measure of the corrosivity of natural environments. After
exposure, cathodic reduction of the corroded silver surfaces in the laboratory has indicated the
ubiquitous presence of silver chloride, even in locations far from the seacoast or other sources
of chloride ion. In standard salt spray testing, there is little, if any, silver chloride formed. This
paradox formed the driving force for a preliminary OUSD project that has investigated the role of
salt, humidity, ozone, and UV light on the atmospheric corrosion of silver. The work built on
previous results reported in the September 30, 2012 report. The second topic in this subject
area concerns the Analysis of Relative Importance of Surface Environment Components and
Dynamics (1.3). The overarching objective of this task was the quantitative assessment of the
roles of relevant chemical species on the corrosivity of natural atmospheres including the
species identified. The third task was to develop and understanding of Galvanic Interactions
Between AA7075-T6 and Noble Materials under various geometric, physical; and chemical
scenarios relevant to field exposures of noble metal high strength aluminum alloy joints and
provide the test methodology for the same (1.4). The last two tasks in this project area concern
(a) A Summary of Scientific Advances Enabling Next Generation Management of Corrosion
Induced Fatigue (1.5) and (b) Effect of Atmospheric Exposure on Environmental Fatigue Crack
Propagation and Inhibition in Precipitation Hardened Al-Cu-Li (1.6). The objectives of this
subtask were to (1) outline the scientific challenges associated with modeling crack formation
and growth from corrosion damage, (2) assess the engineering impact of recent high fidelity
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experimentation and modeling of this behavior, (3) identify remaining deficiencies, (4) develop a
test method for quantifying atmospheric environment exposure effects on fatigue crack growth,
and (5) interpret the results of item 4 in the context of scientific understanding of full immersion
and gaseous environment effects.  The background, objectives, results and findings of each
task along with the conclusions, lessons learned, implementation plan and economic summary
are discussed in sections 1.2 to 1.6.

The projects under managing corrosion and cracking through the use of coatings include two
follow-on tasks on Evaluation of the Performance of a Magnesium Rich, Non-Chrome Primer
that was first reported in September 30", 2012. In the first task report in this final report, (1.7) a
field lab discrepancy regarding blistering in early generation coatings in standard laboratory
accelerated tests are examined. This section is titled Blistering Phenomena in Early Generation
Mg-Rich Primer Coatings on AA2024-T351 and the Effects of CO,. This task report defines the
role of atmospheric CO, and defines two kinds of blisters. The second task reported (1.8)
involves Environmental Degradation of a Mg-Rich Pnmer: Comparison of Selected Field
Environments with Laboratory Exposures. The over-arching objective of this task is to conduct
appropriate laboratory accelerated life tests (LALT), simulated field exposures, as well as
various modeling studies to understand factors both controlling coating performance and limiting
the lifetime of the sacrificial corrosion protection function associated with Mg rich primer coating.
Secondly the project sought to understand primer coating performance when Mg is “used up” as
well as the origins of difference in failure modes in field versus lab tests. The ultimate goal was
to predict/estimate the useful life of this and analogous coatings and to explain any field-lab
discrepancies. The remaining task in this project area with focus on chromate replacement
coatings and managing corrosion through coatings was on the subject of Studies of Corrosion
Along Scribe Lines On Non-chromated Painted Systems (1.9). In a previous report, results for
coatings on steel were developed. Here the results for AA 2024-T351 are reported. The
overarching objective of this task was to better control and characterize the underpaint
environments, electrochemical behavior and related physical properties that develop under
polymer coatings and then elucidate effect of environmental chemistry variables on scribe creep
and filiform corrosion on 2024-T351. The objective of the report enclosed was to understand the
influence of environmental chemistry, as a function of the bulk environment on the mechanism
and rates of scribe creep and filiform attack on 2024-T351 painted and scratched panels. This
task compared standard laboratory accelerated exposure tests to assess lifetimes (LALT) to
selected natural field environments using high level surveillance methods. This information can
then ultimately enable new accelerated tests or smart choice of existing tests.

The final set of tasks under this subject area covered the general topic of Specialized Coating
Applications with other Functions and Innovative Coatings for Corrosion Cracking Resistance.
The ultimate objective was to develop new smart coatings with various packaged inhibitor
strategies and on-demand release mechanisms that inhibit surface corrosion, the pit to crack
transition, and either sustained load or cyclic load macroscopic cracking in high performance
metals such as precipitation hardened Al alloys. Here, the effects of an ionic inhibitor
(molybdate) on the corrosion fatigue properties of an Al-Cu-Li alloy are reported (1.10). An Al-
Zn-Mg-Cu alloy was investigated in a previous report. In this case, results are extended to a
different alloy system. As a preliminary step in identifying ionic inhibitors for release from a
smart coating, investigations first identified ionic additions to sodium chloride solution. This work
was guided by significant literature on cracking inhibitors defined from full immersion studies.
Addition of molybdate (MoO,%) to aqueous chloride solution effectively inhibited environmental
fatigue crack propagation (EFCP) in peak aged Al-2.6Cu-1.6Li gwt pct, C47A-T86) which also
exhibits alloy-induced inhibition in pure chloride solution. MoO,* inhibited EFCP at frequencies
below an upper bound and eliminated the effect of environment at sufficiently low loading
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frequencies by yielding crack growth rates equivalent to those for fatigue in ultra-high
vacuum. lon assisted inhibition was attributed to MoO,* stabilizing a crack tip passive film
which reduced H production and uptake due to a diffusion barrier film, reduced crack
acidification by hydrolysis, and buffered pH. Inhibition was governed by the balance between
passive film rupture by crack tip strain and repassivation. As such, inhibition was promoted by
reduced loading frequency and potentials at or anodic to free corrosion; each of which favors
passivity over film rupture. The inhibiting effect of molybdate for this Al-Cu-Li alloy paralleled
chromate and molybdate inhibition of EFCP in 7075-T651, establishing molybdate as a viable
chromate replacement inhibitor. The background, object, results and findings of each task
along with the conclusion, lessons learned, implementation plan and economic summary are
discussed in sections 1.6 to 1.10.




1.2 Factors Controlling the Atmospheric Corrosion of Silver in Natural and Accelerated
Test Environments (R. G. Kelly, E. B. Neiser, Y. Wan)

1.2.1 Summary

Laboratory salt spray testing has been used for many years to accelerate natural atmospheric
exposures with limited success. The corrosion of silver represents a stark example of the
failings of such testing. In virtually any field environment, silver corrodes measurably in a
month, but after 4 months in a standard salt spray test, no corrosion of silver is observed. The
present work is concerned with the modification of the conventional salt spray corrosion test and
its correlation to field measurements of silver. Two subsystems were designed and constructed
to modify a conventional salt spray chamber. One subsystem consisted of Ultraviolet A (UVA)
lamps mounted on a movable rack which allows them to be positioned to achieve the desired
UVA light intensity. The other subsystem consisted of an ozone system based on a commercial
ozone generator and a distribution manifold that allowed a uniform concentration of ozone to be
maintained throughout the chamber. As constructed, the system can produce 50 W/m? of UVA
light and ozone concentrations up to 23.2 ppm. The system was then used to modify the
protocol of ASTM B117. The results from the modified B117 test are correlated with the
corrosion behavior and performance observed in field exposures. The corrosion products
formed during the modified B117 exposure are the same as those observed after field
exposures. AgCl was the main dominant corrosion product. Non-uniform corrosion occurred,
and metallic silver grains were observed on the surface. The large acceleration factors obtained
demonstrate that both ozone and UVA light can be used to replicate the type of corrosion found
on silver at a wide range of geolocations. The extent of the acceleration can be controlled by
the ozone concentration and the intensity of the UVA light. It was also shown that formic acid
has no effect on the corrosion of silver in the presence or absence of UVA light.

1.2.2 Introduction and Background

Silver has been used for a number of years as a measure of the corrosivity of natural
environments. After exposure, cathodic reduction of the corroded silver surfaces in the
laboratory has indicated the ubiquitous presence of silver chloride, even in locations far from the
seacoast or other sources of chloride ion. In standard salt spray testing, there is little, if any,
silver chloride formed. This paradox formed the driving force for a preliminary OUSD project
that has preliminarily investigated the role of salt, humidity, ozone, and UV light on the
atmospheric corrosion of silver.

Conventional accelerated corrosion tests (e.g., ASTM standard B117") are often used to
accelerate the natural marine atmospheric corrosion of materials for material selection or quality
control. However, results from ASTM standard B117 testing often do not correlate well with field
exposures?®, requiring caution in using the results for prediction, as pointed out by the standard’
A prime example of the shortcoming of this testing is the corrosion of silver. When silver is
exposed to actual atmospheric environments, it forms an AgCl film with a thickness that
depends on the corrosivity of the exposure site and exposure time, with measurable amounts
forming in less than 30 days®°. In contrast, when silver is exposed to the standard B117 test
protocol, no AgCl forms even after four months of continuous testing®. Clearly, there must be
some atmospheric factors that affect corrosion of silver and are not present in the standard
B117 testing. This silver paradox implies that natural atmospheres are more oxidizing than the
atmosphere created in standard salt spray testing. Note that silver is a material of interest as it
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is being increasingly used as a means of rapidly measuring the corrosivity of natural

environments, and the corrosion rate of silver is used as an input to a predictive model of steel
i .0

corrosion®.

Atmospheric corrosion of silver is known to be affected by a number of environmental variables,
such as temperature, UV light, and pollutant gases®'"!. Although silver is thermodynamically
unstable relative to silver oxide under ambient atmospheric conditions, the kinetics of silver
oxide formation under these conditions is negligible'2. However, silver has been shown to
corrode in the presence of 5 mol % ozone (Os) in O, at 300K and ambient pressure'>™. UVA
light (295-365 nm) splits ozone to form atomic oxygen, which is a highly reactive species’'®
that attacks silver. Recent work®'® has also shown that the more oxidizing character of natural
environments relative to the B117 can be reproduced in the laboratory testing via the
introduction of UVA light and ozone to the test environment. The results showed that UVA light
and ozone have important accelerating effects on the corrosion of silver. These studies were
performed in custom-made exposure chambers.

The goal of this study was to extend the previous work®'® by modifying a commercial
accelerated corrosion test chamber to allow for the controlled introduction of both ozone and
UVA light. The modified chamber was then characterized in terms of the range of ozone and
UVA light illumination that can be controlled. A series of tests were performed to evaluate the
relative effects of ozone and UVA light on the corrosion of silver, and comparisons were made
to data from field exposures at several geolocations that covered a wide range of corrosivity.
Finally, a modification to the B117 test protocol is recommended that provides reasonable
acceleration factors for silver for a wide range of geolocation corrosivities.

1.2.3 Lessons Learned

(a) Modification of the ASTM B117 standard by the introduction of ozone and UV light can
lead to extensive corrosion of silver during the salt spray, unlike the case when the
standard is followed, in which no corrosion of silver occurs, even after months of
exposure.

(b) Silver does not appear to react with organic acids that are typical of atmospheric
conditions, even in the presence of UV light.

1.2.4 Technical Investigations

Silver samples of 75mmx15mmx0.25mm and 99.95% purity were obtained from Lucas-
Milhaupt, Inc. (Cudahy, W1) and were wet abraded with 600 grit SiC grinding paper. The
samples were then cleaned with methanol and deionized water and air dried before being
tested.

1.2.4.1 Small Chamber Studies of Atmospheric Corrosion in the Presence of Formic Acid

Formic acid was introduced to the chamber in an attempt to identify and utilize other species
present in natural environments for accelerated tests. Formic acid was selected as it is one of
the most abundant atmospheric acids. Formic acid is also considered to be the most
aggressive straight-chain organic acid. Formic acid was introduced using a permeation tube in
the gas mixer.
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1.2.4.2 Modification of the ASTM Standard B117 Method

A salt spray corrosion test chamber (Model CCT 1100, Q-Lab Corporation, Ohio, USA)
amenable for conducting ASTM standard B117, was used in this work. A continuous salt spray
is created by the atomization of 5 wt. % sodium chloride (NaCl!) solution through a nozzle by the
pumping compressed air and solution. Compressed air is humidified by passage through a
bubble tower on its way to the nozzle. Freshly prepared salt solution is placed in the reservoir
as specified by ASTM B117'. The modification of the CCT 1100, referred to hereafter as the
MB117, involved the design and construction of two subsystems, as shown in Figure 1. One
subsystem was designed and constructed to produce a range of UVA light intensity with the
desired spectrum in the chamber. The other subsystem was designed and constructed to
generate ozone and distribute it uniformly throughout the chamber.
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N\ UV light lamps ~N.
vest " . o — Cleaned
y ‘ ; ”, P i e /| air bubbie compressed compressed air
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Figure 1. Schematic view of the MB117 chamber.

The UVA lamps (Model UVA-340, Q-Lab Corporation, Ohio, USA) were chosen to simulate
sunlight in the critical short-wave UV region from 365 nm down to the solar cutoff of 295 nm.
The UVA lamps were used in pairs. Two pairs of lamps were used, referred to as ‘Pair &' and
‘Pair b’. They are mounted on a movable rack (shown in Figure 2), which allows them to be
translated along both the y- and z-directions to create a desired UVA light intensity at a given
specimen location. The removable rack is made of structural fiberglass. Reflectors were
included the lamps to direct as much of the UVA light towards the samples as possible. The
maximum UVA intensity is controlled by the total number and positions of UVA lamps being
used. A spectrometer (Model JAZ, Ocean Optics Incorporation, Florida, USA) was used to
measure the spectrum of the UVA light, and a 1918-c Newport power meter (Model 1918-c,
Newport Corporation, California, USA) was used to measure the UVA light intensity.
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4 CCT chamber 4

Figure 2. The selected physical locations (1-18) in the MB117 used for the measurement of the
UVA light intensity and the ozone concentration. "Pair a" and "Pair b" are two pairs of UVA
lamps and can be moved along y- and z- directions in the racks (red dashed lines).

A commercial ozone generator (Model 1000, Jelight Company Inc., California, USA) was used
to produce ozone on-line from clean air, which had been created by passing compressed air
through a silica gel desiccant and an activated carbon cartridge. The generator used a 12" x 2"
cell containing an ozone-producing double-bore lamp to create ozone from high intensity UV
light. The ozone was introduced into the chamber via a custom-made baffle to ensure a uniform
spatial distribution. The concentration of ozone was recorded with an ozone analyzer (Model
49i, Thermo Scientific Inc., Connecticut, USA), which is a dual-cell, UV photometric gas
analyzer generally used for monitoring ambient air. The ozone analyzer has a precision 1.0 ppb
and can measure ozone concentrations in the air from 0.05 to 200 ppm.

Figure 2 shows the locations chosen to characterize the distribution of UVA light intensity within
the MB117 chamber. Eighteen locations in two horizontal planes (Plane A and Plane B ) were
chosen. Plane A was in the middle of the chamber, whereas Plane B was at the level of the
diffuser, which near the bottom of the chamber. Three triplicate samples, exposed at one time,
were used. The surface of the samples were angled 20° from the vertical, and parallel to the
principal direction of flow of spray through the chamber. The MB117 test was a continuous
exposure to a 5 mass % salt spray (pH was 6.8) at 35°C as described in the ASTM standard
B117 protocol.

Field exposures of silver was conducted by W. Abbott® and L. Hihara" at six geolocations:
Coconut Island, Hi, Daytona Beach, FL, Whidbey Island, WA, West Jefferson, OH, Lyon
Arboretum, Hi, and Trenton, NJ. These sites provided a wide range of corrosivities and location
types. Coconut Island and Daytona Beach are marine atmospheres, Whidbey Island is a rural
marine atmosphere, West Jefferson is a mild urban atmosphere, Lyon Arboretum is a rainforest
atmosphere, and Trenton is an urban atmosphere.
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Specimens (75mmx12mmx0.5mm and were 99.9% pure) exposed to field sites were mounted
onto plastic test cards in slots which could accept at least 4 plastic test cards. The slots were
kept in a card cage, which consisted of an open plastic frame. The package was then placed in
position to provide free and natural airflow around the samples. The entire process of sample
placement and removal can be done within minutes. This need for minimal manpower and/or
reporting requirements was also found to be critical to implementation®.

After the exposure, corrosion products of silver formed during the field exposure and the MB117
exposure were analyzed with coulometric reduction, which was performed in a three-electrode
cell. An area of 1 cm? of the exposed silver sample served as the working electrode, a
platinum-plated niobium mesh served as the counter electrode, and a saturated
mercury/mercurous sulfate reference electrode was used as the reference electrode. Before
introduction into the cell, the 0.1M sodium sulfate (Na,SO,, pH=10) reduction electrolyte was
deaerated®' for at least one hour by bubbling nitrogen. A constant cathodic current density of -
0.1 mA/cm? was applied immediately to the silver sample by a PCl4 card potentiostats (Gamry,
Pennsylvania, USA) after addition of the solution to the cell. The voltage was monitored until
the voltage dropped to approximately -1.7 V (vs. MSE), at which hydrogen was evolved. Two
values are extracted from each reduction curve'®'®: the reduction potential and the reduction
charge. The reduction potentials serve to identify the chemical composition of the corrosion
products and were determined as the potential of the curve at the midpoint of an invariant
portion of the reduction curve. The total reduction charge passed at one potential represents
the amount of that compound present on the sample. The thickness of the corrosion product
layer of silver can be calculated from the reduction charge, assuming that the corrosion product
film forms with theoretical density. The reduction charges (per unit area, the same below) from
field and the modified B117 represented the means of triplicate samples, standard deviations
ranging from 1% to 8.5% (not shown).

The images of the samples were characterized by scanning electron microscopy (SEM) (JEOL
JSM-6700F) equipped with energy dispersive X-ray spectroscopy (EDS) modes. X-ray
diffraction (XRD) measurements were carried out with a Panalytical X'Pert Pro MPD X-ray
diffractometer using a focused and monochromatized Cu K, source (A = 1.540598). The data
were collected with a position sensitive detector in a 26 range of 10 to 110 with a resolution of
0.0083556.

1.2.5 Experimental Results

1.2.5.1 Atmospheric Corrosion of Silver in Presence of Formic Acid

Formic acid was added to two exposures: one with only formic acid, and one with formic acid
and UV illumination. Both were performed at 90 % relative humidity. For both exposures, the
amount of formic acid released was calculated to be 230 ppb at the oven temperature of 70 C.
This figure is derived from the permeation rates provided by the permeation tube manufacturer
and were not measured in this study.

The reduction curves from the exposures with added formic acid are shown below in Figure 3.

The reduction curves of both exposures are virtually identical to those of freshly-polished
samples, indicating that no corrosion occurred during the exposures.
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Figure 3 Reduction curves from exposures with added formic acid. Both exposures’ reductions
differ very little from the reductions of clean samples, suggesting that no corrosion resulted from

either exposure.
(a) reductions after an exposure with added formic acid, (b) reductions from an exposure with
formic acid and UV.

Although a significant contributor to precipitation acidity, and ubiquitous in worldwide
environments, adding formic acid to exposures with silver did not accelerate silver corrosion.
Figure 3shows the reductions for the formic acid exposures and demonstrates their similarity to
reductions of freshly cleaned samples.

Typical ground concentrations of formic acid are well below 30 ppb, so the concentration used
for these exposures, 230 ppb, represents a significant increase from natural levels. The
exposure shown in Figure 3, with only added formic acid and no illumination, lasted 48 hours,
more than double the standard 22 hour exposure. Because no corrosion is observed even in
this longer exposure, the addition of formic acid does not accelerate silver corrosion significantly
enough to be an addition to an accelerated test.

Based on these results, no further exposures to organic acids were done for silver.

1.2.5.2 Modification to ASTM Standard B117 Method

The spectrum of the UVA lamp, with peak emission at 340 nm, was recorded and shown in
Figure 3 when the lamps were positioned in the topmost plane and ‘Pair a’ and ‘Pair b’ lamps
(Figure 2) were in the forward most and backward most positions respectively in the MB117
chamber. Figure 3 shows the main radiation of the lamps to have wavelengths in the region
from 300 to 400nm, which is approprlate for UVA light. This spectrum is similar to that of natural
sunlight in the UVA light region®
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Figure 4. Spectrum of the UVA lamp used in the MB117.

The UVA light intensities in the locations of Figure 2 are shown in Table 1, which demonstrates
that the intensities were affected by the quantities of the lamps and the distance between the
location of the sample and the UVA lamps. As expected, the more lamps present, the stronger
was the UVA light intensity, and the closer the specimen location was to the lamps, the stronger
was the UVA light intensity at the location. The UVA light intensity was the lowest at 0.5 W/m?
when there was only one pair of lamps and the lamps were mounted in the opposite, topmost
edges of the chamber from the samples. The highest UVA intensity, 50 W/m?, was present just
below the lamps when both pairs of lamps were next to one another in the middle vertical plane
(Plane C) of the chamber. The UVA light intensities in the MB117 can be 100x higher than

those of UV light at the studied natural locations, in which the intensities of UV light ranged from
0 to 0.46 W/m* 2!, which was shown in Table 2.

Table 1. Intensity of UVA light irradiated in the locations of Figure 2, W/m?
"Pair 8" is in ['Pair b" is in | "Pair 8" and "Pair b" "Pair 8" is at the front edge
the front the back are in the plane C and jand "Pair b" is at the back
edge edge close to the location 11, jedge
14 and 17
Location |1,4and7 3,6and9 11, 14 and 17 10,12,16and | 2,5and
18 8
Intensity | 0.5 0.5 50 33 1.5
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Table 2. Parameters in the field sites and magnifying capability of the parameters of the MB117
Location Coconut | Daytona | Whidbey | West Lyon Trenton
Island Beach Island Jefferson [ Arboretum
Type of Marine Marine | Rural Mild urban | Rainforest | Urban
environment marine
Average UVA 0.46[20] | 0.18 0.07 0.11 0.33 [20]
intensity, W/m?
Maximum 109 278 714 455 152
magnification of
UVA intensity in
the MB117 to field
Average annual 52 70 56 70 43 [22] 27
O3 concentration,
ppb21
Maximum 446 331 414 331 540 860
magnification of
ozone in the
MB117 to field
sites -

1.2.5.3 Concentration and Uniformity of Ozone

In order to measure the distribution of ozone in the MB117, the ozone concentrations in the five
locations of the MB117 was recorded. The concentration distribution of ozone in the MB117 is
plotted for the different chamber locations (Figure 2) of MB117 in Figure 5a. The ozone
concentrations increased from 0 to about 14 ppm, and remaining stable after the ozone
generator had been running approximately 1.2 hours when the flow of cleaned air was 2 SLPM
(standard liter per minute). The average concentration of ozone and the standard deviation
between locations in the MB117 under these conditions were 14.17 ppm and 0.16 ppm,
respectively. The standard deviations over time for locations 18, 16, 14, 12 and 10 were 0.05
ppm, 0.01 ppm, 0.04 ppm, 0.02 ppm and 0.06 ppm, respectively. These results show that
ozone can be distributed uniformly throughout the chamber and the concentrations maintained
to a tight tolerance. At the exposure sites, the average monthly ozone concentration ranged
from 0 to 591 ppb?', while the annual average concentration of ozone ranged from 27 to 70
ppb?2 as shown in Table 2. Therefore, the ozone concentration in the MB117 could be 40x
and 330x higher than the maximum average monthly and annual average ozone concentrations
at the studied locations, respectively.
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Figure 5 . The concentration of ozone in the MB117 chamber when the flow of cleaned
compressed air was (a) 2 SLPM with measurements at several locations; (b) 10 SLPM for
location 8. Physical locations are shown in Figure 2.

Ozone concentrations in the MB117 were adjusted by adjusting the flow rate of compressed,
purified air. The maximum concentration of ozone that could be stably maintained with the
present configuration was 23.2 ppm after the generator had been running for approximately 4
hours with a flow rate of cleaned air of 10 SLPM, as shown in Figure 5b. The standard
deviation over time for the maximum concentration of ozone was 0.2 ppm, obtained by a series
of sampling from 4.7 hours to 23.6 hours of exposure. Note that much higher ozone
concentrations could be achieved if compressed oxygen were used to produce ozone rather
than air, but this change would complicate the experimental arrangement, especially for long-
term exposures.

1.2.5.4 Corrosion of Silver in the field and in the Modified B117 Chamber

In order to investigate the correlation between results from MB117 and the field exposures, the
corroded silver surfaces from each were analyzed with the goal of identifying the corrosion
products of silver. Due to limitations of individual techniques, a suite of complementary
analytical techniques were used. Figure 6 shows the XRD results from samples exposed to the
MB117 testing or a six-month exposure at Coconut Island, HI. The series of peaks when 26
was approximately 27.8, 32.2, 46.2, 54.8, 57.5, 85.7 belonged to AgCl. The peaks when 20
was about 38.1, 44.3, 64.4, 81.6 belonged to metallic Ag. The peaks of Ag,O are known to be
at 32.2, 38.1 and 54.8 which overlap peaks for AgCl and metallic Ag. However, the XRD
patterns for samples from the field and the MB117 chamber were the same, although the
relative intensities of the peaks of the compounds on the surfaces of silver were different.
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Figure 6. X-ray diffraction pattern of silver after exposed in (a) Coconut Island for 6 months and
(b) the MB117 with 23ppm ozone for 3 days.

Figure 7 shows SEM images and EDS results for silver exposed in the MB117 as well as for a
sample exposed at Coconut Island, representative of all the field exposure sites examined. The
EDS indicates that AgCl was the main corrosion product. The images clearly show Ag grains
on the surfaces and the non-uniform corrosion that occurred in both the MB117 chamber and

the field exposure.
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Figure 7. Image (a) and element distributions (b and c) of different areas spots on the surfaces
of the samples after exposure at Coconut Island, HI for 6 months.

Image (d) and element distributions (e) of the spots on the surfaces of the samples after
exposed in the MB117 with 23 ppm O3 and UV light for 3 days.

For all silver samples, corrosion product accumulation was assessed via coulometric reduction.
Coulometric reduction is an electrolytic method that measures the potential as a function of
reduction time and is used to both identify the compound and determine the amount present.
By measuring these parameters for known compounds, the potential plateau position can be
used to identify the compound and the time during which the plateau is maintained can be
related to the amount of corrosion product via Faraday's Second Law.

Figure 8 shows the coulometric reduction curves for silver samples after exposed in the MB117
with 23 ppm ozone and 50W/m? UV light for 15 days and Daytona Beach for 3 months. The
reduction potentials at approximately -0.18 Vysg and -0.3 Vysg belong to the reduction potentials
of Ag,O and AgCl respectively, as demonstrated by the measurement of standards. Reduction
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charges were calculated from the reduction time by multiplying by the current density which was
constant (-0.1 mA/cm?) in this work. The reduction time was defined as from the beginning to
the midpoint between the adjacent two plateaus. For example, for the reduction curve from the
MB117 exposure (Figure 8a), the reduction time for Ag,0 is from 0 to the time marked by the
first blue dashed line (1,290 seconds), whereas the reduction time for AgCl is the time between
the two blue dashed lines (12,350 seconds). The main compound was found to be AgCl on the
sample from Daytona Beach site as well as the sample from the MB117 test. Although small
reduction charges for Ag.S of silver were observed for some outdoor sites, for example, at West
Jefferson, OH, we only discuss the reduction charge of AgCl of silver in this study.
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Figure 8. Coulometric reduction curves for the silver samples after exposure to: (a) the MB117
with 23 ppm ozone and UV light (33 W/m?) for 15 days, and (b) Daytona Beach for 3 months.
The reduction electrolytes was 0.1 M Na,SO, (pH=10) solution and were deaerated 1 hour in
advance.

Figure 9 depicts the reduction charges for the AgCl formed on silver after exposure in the
MB117 chamber with varying ozone concentrations and UVA light levels for different times. It
shows that silver corroded in all cases of the MB117, in dramatic contrast to the lack of
corrosion after four months with the standard B117 method?®. Higher corrosion rates are
observed with higher ozone concentrations. At a constant ozone concentration, higher UVA
light intensity increased the rate of attack. The ozone provides sufficient oxidizing ability (above
that of molecular oxygen) to corrode silver rapidly. In the presence of UVA light, additional
oxidants (such as atomic oxygen'®'®) are created, increasing the rate of attack. In the presence
of CI, AgCl is formed. In other work®'°, it has been shown that in the absence of chloride, silver
oxide is formed in the presence of ozone, with higher rates of oxide formation observed when
UVA light is also present.
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Figure 9. Reduction charge and the fitting curves for AgCI produced on silver exposed in the
MB117 with different ozone concentration and different exposure times.

The data in Figure 9 were fit to linear expressions. Q = A - t The slope of the linear fit represents
the corrosion rate of silver in that environment. All of regression coefficients are larger than
0.975. Corrosion amounts for AgCl of silver increase linearly with exposure time. This constant
rate of corrosion has been observed for field exposures® and in the laboratory for charge
densities of up to 2 C/cm? , corresponding to a AgCl thickness of 5.3 microns, assuming
theoretical density (5.56 g/cm®)'®%,

1.2.6 Discussion

1.2.6.1 Role of Organic Acids in Atmospheric Corrosion of Silver

No corrosion was observed in any of the exposures involving formic acid, even after long
exposures. Thus, the addition of formic acid does not accelerate silver corrosion significantly
enough to be a useful addition to an accelerated test. Based on these results, no further
exposures to organic acids were done for silver.

1.2.6.2 Proposed Modified Salt Spray Method

The objective of this work was to extend the work on the atmospheric corrosion of silver from
custom-made chambers?'® to commercially available salt spray test chambers. By doing so, the
so-called “silver paradox” has been resolved. The corrosion of silver observed in virtually any
natural atmosphere, but not observed using standard salt spray testing protocols (i.e., ASTM
B117), can be reproduced in a commercial test chamber if the chamber and test protocol are
appropriately modified. The modifications involve the creation of atmospheres that are as
oxidizing (or more oxidizing if acceleration of corrosion is of interest) as natural atmospheres.
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Natural atmospheres have many oxidants. Standard salt spray test chambers use laboratory air
which is generally highly filtered and the container precludes the presence of UV light. The
filtration of the air removes those natural oxidants and the absence of UV light prevents the
creation of additional oxidants, making standard B117 protocols far less aggressive in terms of
oxidation potential than natural atmospheres. Silver corrosion is primarily driven by the
oxidizing potential, and thus standard protocols without oxidizers stronger than molecular
oxygen are going to be ineffective in causing silver corrosion. It is interesting to note that in
some instances, small amounts of Ag,S can be observed on silver exposed for many months in
standard salt spray testing; it is a measure of the cleanliness of the laboratory air with respect to
sulfur compounds, as silver is an outstanding getter for such species.

It is clear from Table 2 that the MB117 protocol can provide UVA light intensities more than
100x and ozone concentration more than 330x those experienced in a range of geolocations,
thus creating more oxidizing atmospheres which can accelerate the corrosion of silver.
Inspection of Figure 9 shows that the effects of up to 33 W/m? of UVA light were modest relative
to increasing ozone concentration in the MB117. The addition of 1.5 W/m? to 7 ppm ozone
increased the rate by about 20%, and a further increase to 33 W/m?represented a 60%
increase in rate relative to the ozone alone. Inclusion of UVA light may be indicated for testing
situations in which higher ozone concentrations are undesirable for other reasons, including
ozone production limitations or control issues, or personnel safety.

Based on the results from the coulometric reduction, XRD, SEM images and EDS of the field
and the MB117 exposures, the corrosion products and damage morphology produced on silver
in presence of NaCl was similar for the field and the MB117 testing exposures. The main
corrosion product was AgCl, non-uniform corrosion occurred, and silver grains were found on
the surfaces of silver after exposures. According to the lab data in Figure 9 and the field data®,
the rate of formation of AgCl was constant in the atmospheric environments studied. Therefore,
according to the specification of ASTM B117", comparisons between the field data and the
MB117 results can be made by considering a common exposure time. For the current
purposes, an exposure time of thirty days was used. The reduction charges for each version of
the MB117 (i.e., combinations of ozone concentration and UVA light intensity shown in Figure 9)
were scaled to 30 days based upon the linear regression equations. The acceleration factor is
defined here as the ratio of the reduction charge of the MB117 exposed sample to the charge of
the field exposed sample. Calculated acceleration factors for the six geolocations for several
different versions of MB117 are shown in Figure 10. It can be seen that the two marine sites
are the most corrosive towards silver. It is known that the salt deposition in marine sites, such
as Coconut Island and Daytona Beach, is higher than in other areas, the UVA level in Coconut
Island is much higher than that in the other sites, and the ozone level in Daytona Beach higher
than that in the other sites as well. Recall that no corrosion of silver was observed after four
months of the standard ASTM B117 protocol; a combination of NaCl, ozone and/or UV light is
required®*°.
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Figure 10. Acceleration factors of the MB117 to the fields, calculated assuming corrosion of
silver in those conditions obeys linear kinetics, and all the reduction charges are scaled to an
exposure of one month from Figure 8.

The data in Figure 10 show that the MB117 can be tuned to produce a range of desired
acceleration factors. Such tuning may be of interest as there is no doubt a trade-off between
acceleration and accuracy. Although the MB117 results presented here for silver are consistent
with regards to the type of corrosion products formed and the morphology of the corrosion, it is
not clear at what combinations of ozone and UVA light that correlation fails. Using Daytona
Beach as an example, corrosion of silver could be accelerated in MB117 by up to 20x by adding
23 ppm ozone alone to the standard B117 protocol. In practical terms, this acceleration factor
would allow about 6 months of exposure at Daytona Beach to be simulated in one week in the
laboratory. If lower ozone concentrations are desired, a very similar acceleration factor can be
achieved using 7 ppm ozone and 33 W/m? UVA light. The application of the same MB117
conditions for prediction of corrosion at less corrosive geolocations results in much higher
acceleration factors, as shown in Figure 10.

The practical implications of these results for the estimation of corrosivity using silver coupons is
substantial. Short-term (30-day) exposures of silver have been and are being used to estimate
corrosivities of geolocations® as well as indoor locations such as control rooms [25], but there
has been no means to reproduce that corrosivity in the laboratory using generally available
equipment (i.e., commercially available salt spray test chambers). The approach presented
here provides such a means. The flexibility of the method provides testers with the ability to
tailor their chamber to the degree of acceleration of interest.

It must be noted that all of the work presented here focused on the corrosion of silver. Although
silver is used as a corrosivity monitor and is the basis for corrosion rate prediction for steel,
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copper and aluminum, the vast majority of interest in accelerated testing is aimed at structural
materials and coated structural materials. The testing framework presented here is currently
being applied to such materials, but the impact of UVA light and ozone remain to be determined,
especially relative to effects of time-of-wetness and salt loading.

1.2.7 Economic Summary

The economic impact of the work could be substantial if the modified test is better able to
quantitatively accelerate the corrosion of metals under marine atmospheric conditions. By
allowing more accurate assessments of corrosion rates, more accurate predictions of
maintenance and repair intervals could be made.

1.2.8 Implementation

(a) The proposed modification to the ASTM B117 standard salt spray test is ready for
implementation by DOD and others. The modifications to a commercially available
cyclic corrosion test chamber required have been explicitly described.

(b) While the utility of the modified test has been clearly demonstrated for silver, the
extension of the method to structural materials such as steel, aluminum alloys,
magnesium alloys, etc., as well as coated metals, needs to be further explored.

1.2.9 Conclusion

A standard salt spray corrosion test chamber was modified to allow the introduction and control
of ozone and UVA light in order to produce an accelerated test that recreates the corrosion of
silver observed in geolocations around the world, but heretofore not reproduced in a commercial
salt spray corrosion test. The modified test chamber has one subsystem that produces up to
23.2 fpm ozone from cleaned compressed air and another subsystem that produces up to 33
W/m* of UVA light intensity.

The results show that silver formed the same corrosion product and had the same damage
morphology in the MB117 and field exposures. Ozone accelerates the corrosion of silver during
salt spray testing, whereas silver did not corrode measurably using the standard B117 salt spray
conditions. The addition of UVA light increases the corrosion rate when ozone is also present.
Acceleration factors, based on the comparison of coulometric reduction results from field and
MB117 exposures, show that the MB117 can accelerate the atmospheric corrosion of silver
substantially relative to natural atmospheres, up to a factor of 20 even for a severe marine
environment. Using only ozone at 23 ppm, the corrosion rate of silver in the MB117 was about
20x that of a severe marine location (Daytona Beach, FL), allowing 6 months’ worth of corrosion
to develop is 1 week. For less locations of lower corrosivity (Trenton, NJ), this version of the
MB117 would correspond to acceleration factors of over 120, meaning that 1 week of exposure
in the MB117 would correspond to ca. 2 years of field exposure.

Although this work has focused on the corrosion of silver, extension to other materials is
envisaged.
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1.3 Analysis of Relative Importance of Surface Environment Components and Dynamics
(R. G. Kelly, B. Risteen, E. J. Schindelholz)

1.3.1 Summary

This effort aimed at starting to establish a critical RH range for mild steel whereby electrolyte is
present and corrosion significant in a marine environment. Virtually all corrosion models use
RH in some way to determine the conditions under which corrosion is possible. Two issues
were addressed: the wetting/drying conditions of relevant salt solutions, and the extent of
corrosion of carbon steel as a function of RH, with particular focus at quantifying the amount of
corrosion that occurs at RH < DRH (deliquescence RH) of the salt. Wetting and drying of salt
solutions was measured by impedance measurements across an interdigitated electrode array
with a 5 um spacing. It was found that NaCl, NaNO;, MgCl. and MgSO; all show conductivity at
RH up to 40% below their DRH, leading to the possibility of corrosion under those conditions.
Corrosion experiments were performed by printing a precise array of salt droplets, exposing
those samples to a constant RH, and then evaluating the corrosion damage with quantitative
optical profilometry of serial removals. Corrosion was shown to occur at appreciable rates at
RH well below 80%, with maximum corrosion rates occurring for NaCl deposits at RH between
71 and 85%, that is, just above the DRH for the salt. All three salt types studied (NaCl, MgCl,,
and ASTM Ocean Water) showed qualitatively similar behavior with regards to RH, and
quantitatively similar corrosion damage. In addition, samples with all three salts showed
dramatically slowed corrosion rate with times of greater than 1 week.

1.3.2 Introduction and Background

Atmospheric corrosion of steel is of widespread importance to virtually all agencies in DOD,
across the federal government, as well as in private industry. Despite decades of research,
many basic questions remain, including a determination of the conditions of RH under which
corrosion can occur. For example, ISO 9223 indicates that at temperatures above freezing,
corrosion is negligible below an RH of 80%. The deliquescence RH (DRH) of NaCl is 76%, with
other salts having substantially lower DRH, meaning that salt solutions can be present at RH
much lower than 80%, and those solutions would tend to be of high concentration. In addition,
there is often a kinetically controlled hysteresis in drying of salt solutions, with efflorescence
occurring at RH much lower than the DRH™.

From a practical perspective, the issues are (a) under what RH conditions are corrosive
environments present, and (b) under what conditions is the corrosion significant. Considering
the diurnal cycle, it is important to know when corrosion turns on, when it turns off, what the time
constant for those changes is, and what controls these processes.

1.3.3 Lessons Learned

(a) Sustained corrosion detectable well below the deliquescence RH of the salts studied. In
the case of NaCl, corrosion was measurable down to 33%RH (~ 40% lower than the
DRH). For ASTM Ocean Water, sustained corrosion detectable down to 23%RH, while
for MgCl,, corrosion was detectable down to 23%, possibly 11%.
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(b) Corrosion loss was found to be most severe in the RH range of 71-85% for NaCl, 64-
90% for ASTM Ocean Water, an d53-90% for MgCl,.

(c) Corrosion takes on a filiform character for all salts from 53-75%. Trails originate from
drops. MgClI, exhibits filiform corrosion to 90%, whereas the other salts show sparse,
deep pitting above 75%.

(d) Corrosion confined to under drop areas for Mgcl2 and seawater below 33%.

(e) Corrosion rate tapers off with time in all cases.

1.3.4 Technical Investigations

In all experiments, carbon steel coupons were used. They were polished to a mirror finish
before being cleaned with water, followed by isopropyl alcohol.

1.3.4.1 Wetting and Drying of Simulated Salt Aerosols

In order allowed quantitatively assess the role of salt loading density, salt type, and RH on the
atmospheric corrosion of steel, it is important to be able to closely control the environment on
the metal surface. To accomplish this objective, an ink jet printer (JetLab) was modified in order
to provide computer control of the salt pattern as shown in Figure 11. The system is able to
produce drops as small as 35 um in diameter (representing a volume of 3 pL) with spacing as
close as < 10 um, if desired. With the computer-controlled stage, substrates as large as 230 x
280 x 250 mm thick can be printed upon. A custom-made chamber allows the humidity in the
chamber to be controlled between <1 to 100 % RH through an external water vapor source.
Different salt solutions were deposited and tested for wetting/drying behavior: NaCl, NaNO3,
NaCl + NaNO,;, MgCl,, and MgSQO,.
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(a) (b)

Figure 11. (a) Photograph of ink jet system, including programmable xy-stage and cabinet for
controlled humidity.

Systems specifications: minimum drop size = 35 pum (substrate), minimum volume = 3 pL,
maximum substrate size: 230 x 280 x 250mm thick. RH control from <1-100%. In-situ optical
microscopy available.

In order to assess the wetting and drying behavior of salt aerosols, the salts of interest were
deposited onto interdigitated sensors (Abtech) shown in Figure 12 using the ink jet system
above. The spacing of the gold electrodes were spaced 5 um apart. The salt-coated sensors
were then exposed to controlled humidity steps and the impedance between the interdigitated
electrodes was measured at 574 kHz. After each change in the RH, the impedance was
monitored periodically for between 1 h and 30 days.
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Figure 12. Photomicrograph of interdigitated sensor for wetting/drying experiments.

1.3.4.2 Controlled Salt Deposition for Corrosion Screening

Using the ink jet system, the effects of salt type, RH and time on the corrosion rate of steel was
studied by printing the pattern shown in Figure 13. On each 1"x1” coupon, salt was printed on
the center area measuring 1 x 1 cm, depositing 16,000 drops, each 35 um in diameter. The
printing solution was either saturated NaCl, saturated MgCl,, or concentrated ASTM Ocean
Water. The resulting loading density of each printing was 3.9 pg/cm? for the NaCl, 7.1 pg/cm?
for the MgCl,, and 7.2 ug/cm? for the ASTM Ocean Water.

Figure 13. Pattern of printing used for deposition of salt droplets. Within the 1 cm? area,
16,000 droplets were printed.

After deposition, the samples were placed in sealed containers in which saturated salt solutions
were included in order to control the RH. RH values from 11% to 90% were studied for times
between 7 and 30 days.

1.3.4.3 Post-Test Analysis

After each exposure, the samples were cleaned an aqueous solution of diammonium citrate,
and then their surfaces imaged with a Zygo optical profilometer. This quantitative imaging
allowed each of the drop areas to be assessed independently for the depth of corrosion
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damage. Thus, each combination of RH and time produced 16,000 points to allow for statistical
analyses. The scanning was done using a Zygo NewView 7300 white light interferometer. A
20x objective was used for the scans. The manufacturer-specified z-resolution for the setup
used was 1nm and lateral resolution was 0.7 um.

The data file produced by the imaging was then sent to MountainsMap, a commercial image
analysis package. The software converted the image analysis data into a text file of volume,
maximum diameter of pits, and maximum pit depth for each drop. As shown in Figure 14, this
text file could then be analyzed statistically to determine total volume loss for a coupon, average
pit volume, maximum pit volume, maximum pit diameter, and both maximum and average pit
depth.
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Figure 14. Flow diagram for analyses of optical profilometry data after processing with
MountainsMap software to produce a text file of the appropriate parameters.

1.3.5 Experimental Results

1.3.5.1 Wetting and Drying Behavior

The conventional wisdom on atmospheric corrosion is that below the deliquescence point of a
salt, corrosion is not an issue because the salt would be dry, and thus there would be no
aqueous solution present. The physical chemistry literature shows that there is often a
hysteresis between the deliquescence and efflorescence RH, as shown in Figure 15a in which
the impedance at 574 kHz, which is dominated by the ohmic resistance of the solution layer, as
a function of RH for both wetting (deliquescence) and drying (efflorescence).
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Figure 15. Impedance at 574 kHz as a function of RH for wetting and drying of (a) NaCl (b)
NaNO3, and (¢) NaCl + NaNO; on the interdigitated sensor. Impedance values are those

measured after 1 hour at a given RH.

The steep drop in measured impedance for each salt on the sensor when elevating the RH
correlates well with known deliquescence points. For NaCl, the point at which conductivity drops
off is 72-74% RH, compared to the known DRH value of 76%RH. The impedance drops at
74%RH for NaNO; which is close to its DRH value of 72%. A similar drop for the mixed salts
occurs between 63-68% as would be expected due to the eutectic they form. In the same
manner, a sharp rise in impedance back to the initial (starting) impedance during drying is likely
indicative of salt efflorescence. Varying amounts of hysteresis are seen between the drying and
wetting points of each salt. The efflorescence RH (ERH) of NaCl for levitated aerosols has
been reported to be around 43%." The results presented here show the ERH to be nearly equal
to the DRH. Given the hysteresis is a kinetic effect due to nucleation and growth phenomena
during crystallization, the difference between this result and that referenced above may be due
heterogeneous nucleation (drop on a surface) as opposed to homogenous nucleation (levitated
drop). Further literature investigation and replication of these results is required for satisfactory
interpretation. Literature values for the ERH of NaNO; and for the mixed salt have yet to be
located.
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Figure 16 shows the results for MgCl, and MgSO,. Note the low values of DRH and RH for the
MgCl, . The DRH of 31% is well established. The ERH is not found in the literature. In this
work, it appears to be approximately 10%. For MgSQ,, the impedance dropped abruptly
between 80 and 83%. This is very near the published DRH point of the salt, 85%2, and within
the precision range of the RH sensor used. Interestingly, the deliquesced solution did not
appear to dry out when the humidity was brought back to 30%RH, even after holding at 30% for
10 hours. This drying behavior is in accordance with findings by Zhao and coworkers®, who
have shown this salt to effloresce (to anhydrous form) below 14%RH. In their experiments,
MgSO, formed a gel compound below 38%RH during dry-out which was present down to 14%.
The presence of electrolyte in deposited sea salt aerosols below 20%RH has been reported by
a number of investigators and attributed to the low efflorescence points of magnesium and
calcium sulfates, amongst other compounds*®.
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Figure 16. Impedance at 574 kHz as a function of RH for wetting and drying of (a) MgCl,, (b)
MgSO, on the interdigitated sensor.

1.3.5.2 Corrosion Under Controlled RH and Deposition of Salt: Short-term Exposures

Images from the optical profilometry of samples printed with NaCl and exposed to different RH
for 7 days are shown in Figure 17. The false color scale ranges to 80 um. There appears to be
detectable corrosion damage even at the lowest RH shown (33 %). The extent of damage
appears to peak at RH < 90%, with sparse, deep pitting occurring above 75%.
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Figure 17. Sample images from optical profilometry of samples printed with NaCl droplets and
exposed to constant RH for 30 days.

Figure 18 shows the calculated average corrosion rate, in um/yr, based on normalizing the total
volume lost by the exposure time as a function of RH. The ISO 9223 corrosivity category is also
shown. It should be noted that for RH < 80%, the ISO standard predicts that the corrosion rate
is negligible. However, the current results show that the highest corrosion rates observed
during these 7-day exposures occur at 65% RH (> 3 mpy).

90 -
v. high
B0 - e e cmc-wma
: s
= (o]
g 70 - _ hod
high ®©
E 60 4 o
2 Do F
- ST T s e 2
q 5 ¢ 8
e 5
S 401 med
g 30 &
I e 5
20 4 (o)
low £
10 -
0 v. low

0 10 20 30 40 650 80

RH (%)

60 70

Figure 18. Corrosion rate (from volume loss and 7-day exposure time) as a function of RH for
NaCl deposition. Predictions of corrosivity based on ISO 9223 are also shown.
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1.3.5.3 Corrosion Under Controlled RH and Deposition of Salt: Longer-term Exposures

In order to develop more understanding of the time dependence of the corrosion rate, 30-day
exposures were conducted for the three types of salt.
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Figure 19. Mean volume loss per sample as a function of time and RH for NaCl deposition.
Note the logarithmic volume loss scale.

Longer exposures of NaCl-coated samples at constant RH show similar behavior to that
observed in the 7-day exposures, with the highest mean volume loss being observed at
between 70 and 85% RH, which measureable corrosion loss at RH as low as 33%. Also note
that the corrosion rates drop dramatically after the first week, with further corrosion loss limited.
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Figure 20. Mean volume loss per sample as a function of time and RH for ASTM Ocean Water
deposition. Note the logarithmic volume loss scale.
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Figure 20 shows that similar behavior is shown for ASTM Ocean Water deposits: maximum
rates at intermediate RH, corrosion rates decreasing dramatically with time, and measurable
corrosion damage at RH as low as 33%.
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Figure 21. Mean volume loss per sample as a function of time and RH for MgCl, deposition.
Note the logarithmic volume loss scale.

Figure 21 illustrates the results for MgCl, deposits. Although qualitatively similar to the ASTM
Ocean Water and NaCl tests, measurable corrosion damage occurs at even lower RH, down to
11 %.

1.3.6 Discussion

1.3.6.1 Conductive Aqueous Solutions at RH Well Less than the Deliquescent RH

The importance of the wetting/drying experiments is in trying to establish a critical RH range for
mild steel whereby electrolyte is present and corrosion significant in a marine environment. This
information would serve as the basis for developing an environment and alloy-specific humidity-
based environmental definition. The impedance measurements on interdigitated sensors show
that electrolytes with measurable conductivity exist at RH well below the deliquescence RH of
the salt in question, and far below the ISO standard for RH that can cause corrosion of 80%.

The application of these resulits in when considering what occurs during the diurnal cycles which
all atmospherically exposed surfaces encounter. For pure NaCl deposits, as long as the RH
does not fall below 65%, the solution remains wet, and thus susceptible to corrosion. The
results from the corrosion screening testing discussed below demonstrates that the solutions
that exist at these intermediate RH are able to corrode steel; in fact, the corrosion rates are
higher than at the higher RH.
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The results for MgCl; are particularly interesting, in part because MgCl; is a key ingredient in
seawater. We were not able to fully dry out MgCl; salt deposits in 30 days at room temperature
at RH as low as 11%, which is 20% below the DRH for MgCl, of 33%, indicating that this salt
can be corrosive at virtually all naturally observed RH values.

1.3.6.2 Corrosion of Carbon Steel Over a Range of RH, Salt Type, and Time

This work provides a set of screening tests for the corrosion of carbon steel under a wide range
of atmospheric conditions. Three types of salt deposits were studied over a wide range of RH
for up to 30 days. For each sample a set of 16,000 identical drops were deposited, and the
samples were then allowed to corrode at constant relative humidity. Optical profilometry was
used to quantify the corrosion damage statistically. For all three salts, several common
observations were made: (a) corrosion damage was maximized at intermediate RH, (b)
measurable corrosion damage was observed at RH up to 30% lower than the DRH of the salt in
question, and (c) corrosion damage rates decreased substantially after the first week, with the
damage accumulation during the final 3 weeks being quite limited. Interestingly, NaCl and
MgCl, samples showed very similar amounts of corrosion damage in 30 days (~5 x 10° um?®).

The ramifications of these observations for corrosion modeling of the atmospheric corrosion of
steel (and other materials) are clear and broad-reaching. First, models that utilize a minimum
RH criterion for when corrosion occurs that is based on either the ISO 9223 definition or the
DRH of NaCl are likely greatly underestimating the time during which corrosion occurs. Second,
corrosion at RH < DRH can occur at significant rates. Thus, characterization of these rates and
their dependence on drop size, salt loading density, temperature, and time is warranted. Itis
likely that other forms of corrosion can occur at these low RH as well, including pitting,
intergranular corrosion, and stress-corrosion cracking. The marked decrease in corrosion rates
after the first week of exposure is not well understood at this time, with the formation of
protective corrosion products and an increase in the local surface pH with corrosion being prime
candidates for its origin.

1.3.7 Economic Summary

Atmospheric corrosion represents a major corrosion cost for DOD. More accurate models of
corrosion of steel would decrease maintenance costs and increase availability. This work will
allow the inclusion of an understanding of the conditions under which corrosion can occur where
it might not be thought to do so using conventional thinking. In addition to more accurate
models, it would also be able to inform under what conditions sheltering would be expected to
be helpful, and conditions where such sheltering could possibly be harmful by keeping surface
moist longer. Finally, it would allow more accurate assessment of the benefits of
dehumidification by setting the RH conditions needed to stop atmospheric corrosion.

1.3.8 Implementation

Implementation of the results of this work would involve including the fact that corrosion
continues to occur below the deliquescence RH into corrosion models used by DOD. Although
how this would be included quantitatively would require additional work on the kinetics of the
corrosion, a first step could be to use the kinetics reported here in conjunction with the diurnal
cycle of RH. Of course, temperature effects wouid also be needed to be included.
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1.3.9 Conclusion

This effort aimed at starting to establish a critical RH range for mild steel whereby electrolyte is
present and corrosion significant in a marine environment. Virtually all corrosion models use
RH in some way to determine the conditions under which corrosion is possible. 1SO 9223 uses
a threshold RH of 80%, indicating that corrosion at lower RH is negligible. The work presented
here shows that such assumptions are not warranted. Corrosion was shown to occur at
appreciable rates at RH well below 80%, with maximum corrosion rates occurring for NaCl
deposits at RH between 71 and 85%, that is, just above the DRH for the salt. All three salt
types studied (NaCl, MgCl,, and ASTM Ocean Water) showed qualitatively similar behavior with
regards to RH, and quantitatively similar corrosion damage. In addition, samples with all three
salts showed dramatically slowed corrosion rate with times of greater than 1 week.
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1.4 Galvanic Interactions Between AA7075-T6 and Noble Materials (R. G. Kelly, Y. Shi)

1.4.1 Summary

Galvanic interactions between aluminum alloys and noble materials in corrosive environments
can cause structural problems in the use of military and commercial assets. The aim of the
current work was to determine the conditions that lead to significant localized corrosion by
galvanic coupling and to understand its controlling mechanism. The cathodic kinetics of three
noble materials (silver, nickel and carbon-fiber reinforced bismaleimide (BMI)) and the
dissolution kinetics of aluminum alloy AA7075-T6 were quantitatively investigated and used as
boundary conditions for a numerical study. Finite element analyses were used to study the
galvanic interactions of AA7075-T6 and noble materials in a geometry modeled to simulate
fastened plates as a function of solution pH and chloride concentration [CI]. The results
indicated that both initiation and propagation of localized corrosion were influenced by the
galvanic interactions, and these were evaluated as a function of geometry, noble material, and
solution composition. Silver was the most aggressive noble metal in that it caused initiation
under less severe geometric conditions.

1.4.2 Introduction and Background

Demands for the use of higher performance materials which happen to be noble materials, such
as carbon-fiber composites, have exacerbated the instances of galvanic interactions between
dissimilar materials in aerospace environments. Localized corrosion of aerospace Al alloys such
as AA7075-T6 can be significantly affected by the dissimilar materials with which they may be in
contact’. By applying mixed potential theory, galvanic corrosion rates can be determined for
simple geometries. It is much more difficult to predict the corrosion rate if the coupled system is
a complex geometry, including when thin electrolyte layers are present as is the case for
atmospheric exposures. Numerical modeling and analyses have been introduced to solve this
problem®. However, no systematic investigations have addressed galvanic interactions between
AA7075-T6 and noble materials that are extensively used in aerospace applications.

The objective of this work was to address the galvanic corrosion of an AA7075-T6/noble
materials coupled system in a fastened joint geomerty, which is commonly found in engineering
structures. The cathodic kinetics of oxygen reduction on the noble materials and the anodic
dissolution kinetics of AA7075-T6 were first quantitatively measured as a function of pH and
chloride concentration ([CI]) . These kinetics were then used as boundary conditions in the
modeling of galvanic interactions on complex geometries involving atmospheric exposures. By
using a commercially available implementation of the finite element method (FEM), the current
density and the potential of along the coupled interface were calculated and plotted as a
function of geometry. The effect of the fastener gap, [CI], and the nature of cathode materials
(silver, nickel, and BMI composite) on the initiation of the pitting are discussed. In addition, the
corrosion rate and localized chemistry evolution during the pit propagation stage are also
predicted.

1.4.3 Lessons Learned
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(a) Galvanic interactions between noble materials used in aerospace structures and
AAT7075-T6 are sufficient to initiate and propagate localized corrosion on the aluminum
alloy under a wide range of conditions.

(b) A simplified analysis of the current and potential distributions in a simulated fastener
geometry allowed the effects of both environmental and geometric variables to be
assessed Simplifying the analyses, the rate of oxygen reduction on the noble materials
is a weak function of the chloride ion concentration and the pH.

(c) Of the three noble materials studied (Ag, Ni, and carbon fiber reinforced bismaleimide
(BMI)), the silver was the most deleterious in a galvanic couple with AA7075-T6.

(d) Tighter gaps at the fastener would be expected to lead to more severe damage of the
AA7075-T6 as the attack becomes more focused at the noble material/aluminum alloy
interface.

1.4.4 Technical Investigations

Cathodic polarization curves of Ni, Ag, and BMI were measured in NaCl solutions from 0.1 V
above to 1 V below the open circuit potential (OCP) with a scan rate of 0.5 mV/s. The selected
concentrations of chloride ([CI]) were 0.01 M, 0.1 M and 1 M. All solutions contained sulfate at a
concentration of 0.1 M in order to simulate the mixed salts that are present on most aerospace
structures. The selected pH values were 6, 9 and 11, achieved by the addition of NaOH to the
NaCl solutions. Alkaline solutions were studied due to the fact that during galvanic coupling, the
pH of the solution adjacent to the cathode surface will tend to increase due to the production of
hydroxyl ions (OH") via reduction of either oxygen or water.

The anodic polarization behavior was determined for AA7075-T6 under conditions meant to
simulate the initiation and propagation of localized corrosion to a first order. Initiation of localized
corrosion is addressed by determining the kinetics in the same environment as experienced by
the cathode. Propagation of localized corrosion was simulated by using acidic AICI; with
concentrations ranging from 0.01M to 0.5 M. All the scans ranged from 0.1 V below OCP to 0 V
(SCE) with a scan rate of 0.5 mV/s.

COMSOL (Ver. 3.5a and 4.2) software was used to analyze the galvanic coupling between the
two materials in a simulated engineering component geometry. The software solves partial
differential equations by using the finite element technique. Figure 22 shows the geometry of the
modeled system, an approximation of a fastened joint. The width of fastener gap in the model
was set at 2 mm, 0.5 mm, or 20 um.

The Nernst—Planck equation* was used to describe the transport and mass balance of each
species:

Ve(—zuFcV$—DNc,)=R, [

where D, = diffusion coefficient of species /i, c; = concetration of species i, z;= charge of species
i, u;= mobility of species i, R; = reaction rate of species i ; F = Faraday’s constant; @ = the
potential of the solution. To simplify the modelling, no homogeneous chemical reactions were
considered to occur. The model selected in this study is time-dependent. The species and
relevant parameters in the model are listed in Table 3. The boundary condtions used here were
obtained by fitting the cathodic/ anodic polarization curves obtained by experimental
measurement. Two stages of localized corrosion, initiation and propagation, were considered
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separately. The relevant boundary condition for the anode is different for each condition. The
details are described in the latter part of the paper.

20 ym. 0.5 mm, 2 mm
(not 1o scale)

Figure 22. Fastened joint geomerty of AA7075-T6 and noble materials coupled system

Table 3. Species, subdomain concentration and diffusion coefficients®

Species | Initial Concentration (mol*m™) Diffusion Coefficient (m?s™")
Na* 100 1.3 x10°

cr 100 2.x10°

AP 0 0.54x10°

1.4.5 Experimental Results

1.4.5.1 Cathode Environment Simulation

Figure 23 shows the cathodic polarization behavior of silver in different chloride concentrations
at pH 6. The OCP of the curves are consistent with the reversible potential for

Ag+Clr —AgCl+ & 2]

The standard electrode potential against SCE is -0.014V®. The OCP changes as the chloride
concentration changes. The change of the OCP with [CI] corresponds well to that calculated
from the Nernst equation. AgCl is formed by initial anodic polarization above the OCP potential
at the start of the scan. The oxygen reduction rate, as indicated in the curves, does not change
much in potential region of interest (-1 to -0.4 VV (SCE)) with the different [CI'). This behavior is
as expected due to the limited solubility of oxygen in aqueous solution. The oxygen reduction
rate also does not vary much with pH as shown in Figure 24. For nickel, the polarization curves
in Figure 25 show that the OCP does not systematically vary with pH, and the oxygen reduction
rate is not affected by either pH or [CI].

Figure 27 shows that OCP of BMI decreased with increasing [CI']. This decrease may be due to
an increase in the anodic reaction of impurities in the water that increase with increasing

NaCl. Although the OCP decreased with increasing pH, the oxygen reduction rate of BMI is not
significantly affected by either [CI] or pH as shown in Figure 28. In general, in the potential
range of interest, all noble material have similar oxygen reduction rates under fixed conditions,
due to the fact that the oxygen reduction rate is under diffusion limitations.
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kinetics
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Figure 26. Effect of pH on Ni cathodic
kinetics.
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Figure 28. Effect of pH on BMI cathodic
kinetics
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1.4.5.2 Anode Environment Simulation

Figure 29 shows the polarization curve of AA7075 with 0.1 M NaCl at different pH. The absence
of any passive region for the pH 6 and pH 9 curves indicates that for initiation condition, pitting
would be expected to occur spontaneously because the OCP is greater than E,, the pitting
potential for AA7075. AtpH 11, the OCP is much lower, and a distinct passive region is
observed, limited by a pitting potential at -0.6 V (SCE). Figure 30 shows that E,, decreases
linearly with the logarithm of the chloride concentration, as expected’. The highest E, and the

lowest OCP appear at pH 11.

For propagation conditions, no passivation behavior is observed in the polarization curves in
Figure 31. Acidic solution causes the rapid dissolution of Al alloy. Both the pH and OCP values
decrease with increasing AlICIl; concentration.
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Figure 30. Effect of [CI'] on AA7075-T6 anodic kinetics.
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Figure 31. Effect of AICI; on AA7075-T6 anodic kinetics used for propagation boundary
conditions

1.4.5.3 Galvanic Interaction and Numerical Modeling

Using FEM software (COMSOL Ver. 3.5a) the galvanic interactions for the coupled system were
studied under different conditions. The present study focuses on discussing the effects of
fastened joint geometry, [CI], and the three cathode candidates (Ag, Ni and BMI) for a solution
of pH 11. The boundary conditions for both anode and cathode can be characterized by the
appropriate current density. The total cathode current density is modeled by:

Jo=te U [3]

where "' diffusion limited current density, was obtained from the experimental results, whereas

', the activation controlled current density, is described by Butler-Volmer equation® :

Ec., =V Ec,, -V
. = o fe(— ) - op(— )]
; ; 4]

where ic.orr is the cathode corrosion current density, Ecr is the cathode corrosion potential , V
is the potential in the solution, a; is the Tafel stope for the anode, and B. is the Tafel slope for
the cathode.

Under the conditions studied for localized corrosion initiation, the total anodic current is modeled
by:
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1 1 1
Tt Tt
Ja= la lpa.u lal [5]

where ‘7o is obtained from the experimental results, ‘a s the exchange current density, and

fal is current density after pitting is initiated. 'a and 'e are determined by Butler-Volmer
relations:

E -V E -V
ia = iaoorr[exp (_fc—;’z_) —€Xp (_gﬂﬂ’l__)]
a a [6]
. D Epit - V
Iy =Iz0[exp( )]
a [7]

Ea,,, is anode corrosion potential, %ais the

where ‘scor is anode corrosion current density,
anodic coefficient for the anode, and Ba is the cathodic coefficient for the anode. '#1° is the

current density at pitting potential, Epu is pitting potential, %4 s the anodic coefficient for the
anode where the potential is above pitting potential.

Under conditions of localized corrosion propagation, the cathode boundary condition remained
the same, whereas the anode became modeled by:

) ) Efa_ -V Efa_ -V
i%a = i® sconeXp (22—} — exp(—22—)]
o’ pre ]
ifa . . .. Efa . . o oall
where corr is anode corrosion current density, crr js anode corrosion potential, ajs

the anodic coefficient for the anode, and Bt is the cathodic coefficient for the anode.
For both initiation and propagation conditions, the dissolution of aluminum,
Al— AP* + 3¢ [9]
is considered as the sole reaction along the anode surface. The standard electrode potential

relative to SCE is -1.9 V®. This dissolution potential varies by the different concentration of AICI,.

The flux of A”**, Nag. , is equal to ‘e /3F at the initiation stage and Nas. = i’ /3F at the
propagation stage in which F is the Faraday constant which is equal to 96,485 C/equivalent.

Figure 32 shows the potential and current distributions in the Ag-AA7075 coupled system in
0.01 M NaCl, pH 11 with a 2 mm gap under conditions of localized corrosion initiation, where
the cathode and anode have the same environment as the bulk solution. Figure 34 shows the
potential distribution along the interface of Al alloy and Ag within the fastener gap. The highest
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potential on the Al surface is -0.445 V (SCE). Because this potential is higher than -0.453 V
(SCE), the pitting potential measured from experiment, the model predicts that pitting can be
initiated under this condition. A summary of pitting conditions was generated, as shown in Table
4, by comparing the highest potential at the Al surface within the fastener crevice with the
experimentally measured pitting potential under different conditions. According to the summ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>